In pursuit of food, hungry animals mobilize significant energy resources and overcome exhaustion and fear. How need and motivation control the decision to continue or change behavior is not understood. Using a single fly treadmill, we show that hungry flies persistently track a food odor and increase their effort over repeated trials in the absence of reward suggesting that need dominates negative experience. We further show that odor tracking is regulated by two mushroom body output neurons (MBONs) connecting the MB to the lateral horn. These MBONs, together with dopaminergic neurons and Dop1R2 signaling, control behavioral persistence. Conversely, an octopaminergic neuron, VPM4, which directly innervates one of the MBONs, acts as a brake on odor tracking by connecting feeding and olfaction. Together, our data suggest a function for the MB in internal state-dependent expression of behavior that can be suppressed by external inputs conveying a competing behavioral drive.
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In Brief
What drives behavioral persistence versus quitting? Sayin et al. propose that circuit modules in the fly's learning center and dopamine drive gradually increasing food odor tracking, which can be efficiently suppressed by extrinsic, but directly innervating, feeding-related neuromodulatory neurons.
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INTRODUCTION
Flexibility is an important factor in an ever in-flux environment, where scarcity and competition are the norm. Without persistence to achieve its goals, however, an animal's strive to secure food, protect its offspring, or maintain its social status is in jeopardy. Therefore, sensory cues related to food or danger often elicit strong impulses. However, these impulses must be strictly controlled to allow for coherent goal-directed behavior and to permit behavioral transitions when sensible. Inhibition of antagonistic behavioral drives at the cognitive and physiological level has been proposed as a major task of a nervous system (Bari and Robbins, 2013) . Which sensory cues and ultimately which behaviors are prioritized and win depends on the animal's metabolic state, internal motivation, and current behavioral context. How this is implemented at the level of individual neurons, circuit motifs, and mechanisms remains an important open question.
Like most animals, energy-deprived flies prioritize food seeking and feeding behavior. To find food, flies can follow olfactory or visual cues over long distances (see for instance Á lvarez- Salvado et al., 2018; Root et al., 2011) . External gustatory cues provide information about the type and quality of the eventually encountered food. However, only internal nutrient levels will provide reliable feedback about the quality and quantity of a food source and ultimately suppress food-seeking behaviors (Corrales-Carvajal et al., 2016; Dethier and Goldrich-Rachman, 1976; Mann et al., 2013; Thoma et al., 2016) . Therefore, food odor, the taste of food, and post-ingestive internal feedback signals induce sequential and partly antagonistic behaviors (Mann et al., 2013; Thoma et al., 2016) . Interestingly, chemosensory and internal feedback systems typically mediated by distinct neuromodulators appear to converge in the mushroom body (MB) (Cohn et al., 2015; Kim et al., 2017; Krashes et al., 2009; Lewis et al., 2015; Tsao et al., 2018) . How neurons and neural circuits signal and combine external and internal cues to maintain or suppress competing behavioral drives is not well understood.
In mammals, norepinephrine (NE) released by a brain stem nucleus, the locus coeruleus, has been implicated in controlling the balance between persistence and action selection (Berridge and Waterhouse, 2003; Schwarz and Luo, 2015) . The potential functional counterpart of NE in insects could be octopamine (OA). Flies lacking OA indeed show reduced arousal, for instance upon starvation (LeDue et al., 2016; Li et al., 2016; Zhang et al., 2013) . Additionally, OA neurons (OANs) gate appetitive memory formation of odors (Burke et al., 2012; Perry and Barron, 2013) and also modulate taste neurons and feeding behavior (LeDue et al., 2016; Wang et al., 2016; Youn et al., 2018) . OANs are organized in distinct clusters and project axons to diverse higher brain regions in a cell type-specific manner Busch and Tanimoto, 2010 ). The precise roles and important types of OA and NE neurons in state-dependent action selection remain to be elucidated.
Similar to NE and OA, dopamine (DA) is being studied in many aspects of behavioral adaptation and flexibility. Different classes of DA neurons (DANs) innervating primarily the MB signal negative or positive context (Aso and Rubin, 2016; Burke et al., 2012; Cohn et al., 2015; Lewis et al., 2015; Liu et al., 2012; Plaç ais et al., 2012; Riemensperger et al., 2005) , novelty (Hattori et al., 2017) , forgetting (Berry et al., 2012 (Berry et al., , 2015 , or even wrong predictions (Felsenberg et al., 2017 (Felsenberg et al., , 2018 .
Here, we took advantage of the small number and discrete organization of neuromodulatory neurons in the fly brain to analyze the mechanistic relationship between motivation-dependent persistence in one behavior and the decision to disengage and change to another behavior. Using a single fly spherical treadmill assay, we find that hungry flies increase their effort to track a food odor with every unrewarded trial. We show that MB output through two identified MBONs (MBON-g1pedc>a/b and MBONa2sc) is required for persistent odor tracking. MBON-a2sc provides a MB connection to the lateral horn (LH), where it can modify innate food odor attraction as recently shown (Dolan et al., 2018) . Furthermore, we pinpoint a specific type of OAN, VPM4 (ventral paired medial), which connects feeding centers directly to MBON-g1pedc>a/b and disrupts food odor tracking. Finally, our experimental data suggest that persistent tracking depends on DANs, including PPL1-g1pedc, and signaling through dopamine receptor Dop1R2 in ab-type KCs. Based on our results, we propose that MB output and a direct external input, depending on internal state and motivation, gradually promote or interrupt ongoing behavior.
RESULTS
Flies Persistently Track Attractive Food Odors in the Absence of Reward
To study the mechanisms underpinning continuing versus stopping of a behavior, we devised a spherical treadmill assay with a tethered fly exposed to a low-speed frontal air stream or odor stimulus allowing us to repeatedly stimulate the animal with odorant at a precise concentration and duration (Figure 1A) . Upon an initial period of 3 min of habituation, we recorded running speed, turns, and stops during a 20 s pre-stimulus, a 12 s stimulus, and a 20 s post-stimulus period ( Figure 1A ). To test persistence in odor tracking, the protocol was repeated 10 times with variable inter-stimulus intervals. We used 3 ppm of vinegar odor as a highly attractive cue to analyze the odor tracking behavior of a hungry fly (24 h starvation). Flies ran on average at a speed of 7.3 mm/s during the pre-stimulus periods (Figure 1B) . During odor stimulation, flies sped up significantly and reached speeds of 12.4 mm/s on average (Figure 1B) . Upon cessation of the odor stimulus, flies showed a strong offset behavior with stopping before regaining an average speed of 6.8 mm/s ( Figure 1B ). In addition to changing speed, the flies suppressed turning and were headed straighter suggesting that they were indeed tracking the odorant ( Figure 1C ). The loss of the olfactory cue at the end of the stimulation period led to a significant increase in turning behavior (Figures 1C and S1A) , suggesting that the flies were searching for the stimulus as previously observed for fly larvae, adult flies (Á lvarez-Salvado et al., 2018; Gomez-Marin et al., 2011) , and other animals including humans (Porter et al., 2007) . Interestingly, this behavior evolved over 10 trials ( Figures 1D and 1E) . Although flies showed an initial acceleration at stimulus onset already during the first 3 trials, they did not persistently track the odors at high speed for more than a fraction of the stimulus time ( Figure 1D ). With increasing number of trials, however, the flies ran over longer distances and more frequently for the entire stimulus time of 12 s ( Figure S1B ). In addition, they ran faster with each trial and suppressed turning more efficiently ( Figures 1D and S1C) . Some of the increase in speed continued also between odor stimulations from trial 1 to 10 (Figures 1D and S1C). These data show that flies reliably track food odors by suppressing turning behavior and increasing speed, and that these behaviors intensify over trial number.
Any change in the fly's environment, including a change in airflow or wind, could induce forward running. To test this, we analyzed the behavior of mutants of the essential olfactory co-receptor Orco, which is required to detect vinegar (Semmelhack and Wang, 2009) . Orco mutant flies showed a significantly reduced reaction to vinegar stimulation as compared to heterozygous controls upon stimulus onset ( Figure S1D ). These results show that the animal's reaction depends on the detection of a sensory stimulus such as an appetitive odor.
We next asked whether the valence of the stimulus influenced odor tracking behavior in our assay. Frontal stimulation with CO 2 , which elicits aversion in laboratory assays with walking flies Suh et al., 2004) , led to the opposite behavior compared to the behavior elicited by vinegar in hungry animals ( Figure S1E ). Flies slowed down and significantly increased their turning to left and right consistent with odor aversion (Figure S1E) . A similar avoidance behavior was observed in a tethered flying fly assay with frontal odor stimulation (Badel et al., 2016) . Of note, however, CO 2 is not always aversive; freely flying flies are attracted to this gas in a state-dependent manner (van Breugel et al., 2018) .
Taken together, these data show that targeted food odor tracking behavior increases over time even in the absence of a food reward. Loss of the odor stimulus increases turning, indicating search behavior.
Tracking Intensity Depends on Hunger State
Numerous studies have addressed how reward increases an animal's attraction to a sensory cue. Less is known that explains why an animal maintains and even improves a not yet successful behavior. In healthy animals, the interest in food is regulated by their need to acquire calories and nutrients. This was also evident in our assay: fed flies did not show any persistence in food odor tracking ( Figures 1F-1J ). By contrast, 24 and 48 h starved flies showed persistent tracking behavior ( Figures 1F-1J ). To better investigate the influence of hunger on the fly's persistence, we changed the assay from an open to a closed loop configuration, and allowed the fly to control the offset of the odorant by stopping to run ( Figures 1K-1M ). Fed flies tracked the odor for 13.3 s, while 24 h starved flies followed the odor for 122.4 s, on average ( Figure 1L ). Interestingly, 48 h starved flies showed a higher persistence than 24 h starved animals and tracked the odor for up to 248.2 s over ten trials, on average (Figure 1L) . It is unlikely that the increase in running times is due simply to improved motor skills over trials, where the best skills, and hence fastest running would be expected to always occur at the last trials; however, among all recorded trials the longest trials of each fly were distributed across all trial numbers (1-10) including trials as early as number 2 ( Figure S1F ). Moreover, the same experiment with only air during stimulus phase did not induce long and fast tracking . Finally, not only tracking time but also tracking speed depended on starvation time, with 48 h starved animals running on average faster than 24 h starved flies during odor stimulation ( Figure 1M ). These results demonstrate that starvation specifically and gradually changes the animal's behavioral expression and persistence in tracking a food odor.
Specific MB Output Neurons Control Food Odor Tracking
Recent work implicated the MB in metabolic state-dependent modulation of innate olfactory behaviors Grunwald Kadow, 2019; Lewis et al., 2015; Tsao et al., 2018) .
We, therefore, next addressed whether the MB network contributes to hunger-induced persistent food odor tracking. In a screen of Split-Gal4 lines that target MBONs for a reduction in attraction to vinegar with the T-maze assay, we identified MBON line MB112C, which expresses in MVP2/MBON-g1pedc>a/b neurons For all analyses, statistical notations are as follows: ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. In all panels, error bars denote SEM. (Aso et al., 2014b) (Figure S2A ). This result was in line with recent work using a different food finding assay (Perisse et al., 2016; Tsao et al., 2018) . On the ball, inactivation of MBON-g1pedc>a/b's synaptic output using overexpression of the effector Shibire ts1 (shi ts1 ) significantly reduced olfactory tracking speed in the starved animal (Figures 2A and 2B) . In order to test whether activation of MBON-g1pedc>a/b was sufficient to induce odor tracking, we expressed the red-shifted channel rhodopsin CsChrimson under the control of MB112C (MB112C>CsChrimson), and stimulated the flies with 12 s odor stimulus, but overlapped it, 2 s after odor onset, with a 10 s red-light stimulus ( Figures 2C and 2D ). Activation of MBON-g1pedc>a/b induced tracking in the presence of an odor stimulus in fed animals, but did not further increase tracking in the starved fly, indicating that this neuron is already active in the hungry animal ( Figures 2C, 2D , and S2B-S2D). Light alone also induced some forward running, albeit to a lesser extent than odor alone ( Figures S2E-S2G ). MBON-g1pedc>a/b projects from the MB g1/peduncular region again to KCs and other MBONs providing output from a and b lobes (Takemura et al., 2017) . Among the primary neurons innervated by MBON-g1pedc>a/b is MBON-a2sc (labeled by line MB080C) (Takemura et al., 2017) , which is also required for food odor attraction ( Figure S2A ). Indeed, inactivation of MBON-a2sc output (MB080C>shi ts1 ) resulted in a strong reduction in average food odor tracking in the ball assay (Figures 2E and 2F) . Moreover, the trial-bytrial increase was reduced (Figures 2EF) . While the phenotype is stronger for MBON-a2sc inactivation than for MBON-g1pedc>a/b, these data are consistent with the hypothesis that MBON-g1pedc>a/b is among the neurons providing input to MBON-a2sc during odor tracking. Furthermore, optogenetic activation of MBON-a2sc induced faster and more persistent tracking at odor trial 1, but not at trial 10, compared to controls (Figures 2G and 2H ; 2-way RM ANOVA p trial x group interaction = 0.0390), supporting a role for MBONa2sc in regulating tracking intensity.
Together, the data implicate two MBONs in odor tracking over multiple trials.
MBON-g1pedc>a/b Shows Trial-Dependent Odor Responses
Given the requirement of MBON-g1pedc>a/b and -a2sc, we predicted that their response to repeated odor experience should gradually change over trials. Thus, we imaged odor responses using GCaMP6f calcium imaging in vivo and stimulated the fly as done during the behavioral experiment ( Figures  3A and 3E) . We quantified two regions of interest for MBON-g1pedc>a/b, the peduncle-the region immediately downstream of the odor input site (calyx)-and the g1 lobe ( Figures 3A-3E ). Odor responses in the peduncle region gradually decreased from trial 1 to 10 ( Figures 3B and 3D ). Responses in the g1 dendrites also showed some significant changes over trials, which followed a different pattern. The calcium signal first increased until trial 3 or 4 before going back to or below its baseline level ( Figures 3C and 3E ). Interestingly, MBON-g1pedc>a/b receives differential KC input in the peduncle versus g1-lobe region. While g-KCs provide g1-input, the peduncle region receives input exclusively from a/b-KCs (Takemura et al., 2017) . These data indicate that MBON-g1pedc>a/b either is intrinsically sensitive to the number of prior odor experiences or receives trial-dependent olfactory input, for instance by a/b-KCs and/or through dopaminergic modulation.
Next, we recorded odor responses of MBON-a2sc using the same imaging setup and observed an interesting response to the 12 s odor stimulus in each trial; an initial transient calcium peak (i.e., on-response) was followed by a strong decrease and, upon odor stimulus end, a strong re-bound response (i.e., off-response; Figure 3G ). This type of response is consistent with a relief of inhibitory input at the end of the stimulus. However, we did not observe a significant effect For all analyses, statistical notations are as follows: ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. In all panels, error bars denote SEM.
of trial number on MBON-a2sc. Still, while the responses remained relatively stable over trials ( Figures 3H-3J ), we observed a significantly longer offresponse decay time between fed and hungry animals ( Figure 3J ).
Taken together, while these data point to a complex relationship between neuronal activity and behavior, possibly due to the inability of the fly to express behavior during imaging, they also provide evidence that these MBONs are indeed modulated by the number of odor experiences and also by the animal's metabolic state.
Sugar Neuron Activation Suppresses Odor Tracking
Our behavioral data implicated hunger or feeding state as a main motivator for persistent odor tracking. To test this assumption more directly, we re-fed 24 h-starved flies for only 30 min with standard fly food just prior to the assay. This re-feeding significantly suppressed food odor tracking, in particular during the first few trials of the assay ( Figures 4A and 4B) . Therefore, feeding-induced cues such as post-ingestion signals appear to suppress food odor tracking in our assay as also shown for other paradigms (Corrales-Carvajal et al., 2016; Mann et al., 2013; Thoma et al., 2016) . To test the ability of the taste of food or internal sugar to suppress food odor tracking with high temporal precision and during the continued presence of odor, we expressed CsChrimson and optogenetically activated two sets of sugar taste neurons ( Figures 4C and 4D) . First, activation of exclusively peripheral (labellar and tarsal) gustatory receptor (Gr) 5a-expressing sweet taste neurons was employed to mimic the taste of a potential calorie source (Thoma et al., 2016) . Next, Gr43a neurons were activated to mimic ingested sugar, because Gr43a is not only expressed in peripheral taste neurons but has also been shown to function as internal sugar sensor in the brain (Miyamoto et al., 2012) and potentially in the gut (Park and Kwon, 2011) . Gr5a or Gr43a neuron activation led to an immediate stop of odor tracking in spite of continued odor stimulation, suggesting that animals that reach a food source prioritize short-range or internal feeding-related over long-range signals (Figures 4C and  4D) . However, although light-stimulation of Gr5a neurons continued, flies reverted their behavior and quickly resumed odor tracking and reached high speed again at the end of each of the trials (Figures 4C-4E) . Similarly, Inagaki et al. have previously reported that prolonged optogenetic activation of sugar taste neurons (i.e., Gr5a) only transiently induces proboscis extension, which ceases much before the end of the light stimulation (Inagaki et al., 2014) . By contrast, Gr43a neuron activation lastingly reduced the fly's tracking behavior consistent with mimicking of high internal sugar ( Figures 4C-4E ). From these results, we conclude that a meal, presumably through postingestive signals, but not just the taste of food, lastingly suppresses food odor tracking.
Octopamine Inhibits Tracking in Hungry Flies
Based on our results, we sought to identify the neural circuits that coordinate and prioritize sensory information to enable feeding stimuli to override odor-stimulated behavior.
OANs were previously implicated in appetitive olfactory learning (Burke et al., 2012; Schrö ter et al., 2007; Schwaerzel et al., 2003) and modulation of feeding-related behaviors (LeDue et al., 2016; Youn et al., 2018; Zhang et al., 2013 ). Therefore, we tested whether acute activation of all OANs resulted in tracking suppression by using optogenetic activation via the Tdc2-Gal4 driver paired with the odor stimulus ( Figures 5A and 5B) . Activation (Tdc2>CsChrimson) fully suppressed odor tracking and led to immediate and persistent slowing down or stopping ( Figures 5A and 5B) . To gain more evidence that Tdc2+ neuron activation suppressed food finding behavior and represented something attractive to the animal, we used a custom-built 4-arm olfactory choice assay ( Figure S3A ). Optogenetic activation of Tdc2+ neurons alone or in the presence of vinegar odor in the same quadrant resulted in a significantly higher dwell time of the flies in the illuminated quadrants ( Figures S3A-S3D ). Based on these data, OANs appear to be good candidates for enabling the animal to prioritize the short-range exploration and exploitation of a food source over odor-induced long-range food search.
A Specific Subtype of OA Neurons Antagonizes Food Odor Tracking
The ventral cluster of Tdc2+ neurons represents one of the largest and contains several types of OANs such as the VUM (ventral unpaired medial) and VPM (ventral paired medial) type neurons, which again contain different anatomically distinct types of neurons (Busch and Tanimoto, 2010) .
To pinpoint the exact neuron(s) capable of suppressing odor tracking, we screened several candidate OAN lines by optogenetic activation. Activation of OANs labeled by two Split-Gal4 lines, MB113C and MB22B, labeling two neuron types of the VPM cluster, VPM3 and VPM4 ( Figures 5G-5J ), strongly suppressed food odor tracking ( Figures 5C and 5D ) and led to a sustained decrease in speed during light plus odor stimulation ( Figure 5D ). Genetic controls and flies carrying the same transgenes, but which were stimulated only with odor and not light, behaved like control flies (Figures S3E and S3F) . Inhibition of the synaptic output of these VPM neurons in fed or starved flies did not result in a change in food odor tracking ( Figures  S3G-S3J) , showing that these neurons are not directly involved in the execution of tracking behavior or olfactory processing. In addition, activation of VPM3/VPM4 in the 4-arm olfactory choice assay significantly increased the time flies spent on the light and odor quadrant (Figures 5E and 5F ). This result supports our interpretation that OA-VPM3/VPM4 neurons suppress long-distance food search behavior.
Line MB113C and MB22B overlap only in one neuron type, VPM4, (Aso et al., 2014a) , indicating that this neuron was central to the observed behavior. Antibody staining against octopamine confirmed the categorization as OAN (Figures 5K and 5L) . Interestingly, in line with our findings, a recent study showed that VPM4 neurons promote feeding and modulate peripheral sugar taste neurons in hungry flies (Youn et al., 2018) . Based on this previous work and our results, it appears that OA-VPM4 neurons suppress odor tracking behavior and promote feeding related behaviors.
VPM4 Directly Inhibits MBON-g1pedc>a/b
VPM3/VPM4 neurons extend dendrites within the sub-and periesophageal zones and send projections to the MB and other higher brain regions ( Figures 5I and 5J ). Interestingly, at the level of the MB lobes, the innervation pattern of MBON-g1pedc>a/b overlaps partially with VPM4 in the g1 MB lobe, indicating that VPM4 and MBON-g1pedc>a/b might be directly connected (Figure S4A) . Moreover, recent analysis of the MB connectome in the Drosophila larva revealed an octopaminergic neuron, named OAN-g1, forming direct synapses onto MBON-g1/g2 neurons, which are proposed to mediate feed-forward inhibition similar to MBON-g1pedc>a/b (Eichler et al., 2017) .
We investigated the possibility of similar connectivity using a recently published EM volume of an entire female adult Drosophila brain . Reconstruction of MBON-g1pedc>a/b and subsequent sampling of its synaptic inputs to the g1 compartment quickly led to the identification of two putatively aminergic neurons (based on the presence of dense core vesicles). Further reconstructions identified these neurons morphologically to be VPM3 and VPM4 ( Figure 6A ). Both neurons form numerous synaptic contacts onto MBONg1pedc>a/b dendrites exclusively in the g1 compartment with VPM4 making about 50% more synapses than VPM3 ( Figures  6B, 6C , and S4B-S4D). In addition, MBON-g1pedc>a/b also made a smaller number of reciprocal synaptic contacts back to VPM3 but not to VPM4 ( Figure S4B ). We found no evidence that VPMs contact MBON-g1pedc>a/b in other regions of the MB lobes, although we cannot completely rule this out.
Next, we expressed the ATP-sensitive mammalian channel P2X2 (Yao et al., 2012) in VPM4 to test the effect of activating this OAN on MBON-g1pedc>a/b ( Figure 6D ). We monitored GCaMP6f fluorescence in MBON-g1pedc>a/b upon adding ATP to an in vivo brain preparation ( Figures 6D and 6E) . Addition of ATP led to a significant decrease in baseline GCaMP fluorescence in MBON-g1pedc>a/b neurons in the presence of P2X2 in VPM4 but not in controls ( Figure 6E) . Similarly, activation of VPM4 through ATP also reduced the odor-evoked GCaMP6f signal in MBON-g1pedc>a/b neurons ( Figure 6F ). These results provide strong evidence for an inhibitory synaptic connection between VPM4 and MBON-g1pedc>a/b. For all analyses, statistical notations are as follows: ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. In all panels, error bars denote SEM.
Consistent with a direct synaptic connection, we found that activation of VPM4 and inactivation of MBON-g1pedc>a/b showed similar phenotypes (i.e., reduction of odor tracking). Therefore, we argued that activation of VPM4 could potentially override the activation of MBON-g1pedc>a/b and inhibit odor tracking. To test this, we combined MB112C-and MB113C-Gal4 with UAS-CsChrimson and applied the same protocol as above. Activation of only MBON-g1pedc>a/b led to significant odor tracking in response to vinegar in the fed fly as expected ( Figures 6G, 6H, S4E, and S4F ). Concurrent activation of both neurons (VPM4 and MBON-g1pedc>a/b) showed that VPM4 activation with the Split-Gal4 line MB113C was sufficient to suppress the effect of activation of 6H, S4E, and S4F) . This could occur through the direct synaptic interaction of these two neurons, although other mechanisms cannot be excluded.
We conclude that OA-VPM4 arbitrates between odor-mediated food search and the rewarding experience of feeding by promoting taste-induced consumption behavior (Youn et al., 2018) and simultaneously suppressing food odor tracking. (legend continued on next page)
Dopaminergic Neurons Are Necessary for Persistent Odor Tracking
In lieu of a reward or activation of sugar or VPM neurons, flies continue to track food odor. Given the important role of specific MBONs in this behavior, we tested whether dopamine could be involved. Two major subsets of DANs previously implicated in odor-guided behavior exist in the fly brain: the protocerebral anterior medial (PAM) and the protocerebral posterior lateral (PPL1) cluster (Aso et al., 2014a) . In addition, a number of smaller DAN subsets exist in the fly (Mao and Davis, 2009) (Figure 7A ). While the PAM cluster mediates positive experiences during classical conditioning, PPL1 neurons transmit painful stimuli such as electric shock or heat to the MB (Burke et al., 2012; Galili et al., 2011; Liu et al., 2012) . The transgenic line TH-Gal4 labels all cells in the PPL1 and PPL2ab clusters, as well as only one DAN from the PAM group. Thermogenetic activation of these 'TH+' neurons can substitute an aversive stimulus and induce negative memories . Inactivation of TH+ neuron output by overexpression of shibire under the control of TH-Gal4 (TH>shi ts1 ) changed the fly's behavior significantly ( Figure 7B ). While TH-shi ts1 flies accelerated at the beginning of each trial in response to odorant, their behavior did not evolve from trial 1 to trial 10 ( Figures 7B and  7C) . As a permanent lack of dopamine affects motor activity and startle behavior (Riemensperger et al., 2011) , we tested whether TH-shi ts1 flies were simply not able to run as fast as controls. To this end, we measured the flies' spontaneous running speed in the absence of odor at the elevated temperature of 35 C, as this stimulates fast running in control flies ( Figures S5A and S5B) . Here, TH-shi ts1 flies behaved indistinguishably from control flies and ran at speeds of 20 and even 30 mm/s ( Figure S5B ). These data suggest that motor deficits are not responsible for the reduction in odor tracking persistence upon inactivation of TH+ DANs. In contrast to TH+ neuron inactivation, inactivation of all PAM neurons with the line 58E02-Gal4 driving UAS-shi ts1 had no effect on the fly's tracking behavior and persistence as compared to control flies ( Figures 7B and 7C ). These data posit that a subset of DANs, in particular those involved in aversive memory formation, are required to drive increased odor tracking with every non-rewarded trial. TH-Gal4 labels a number of DANs in the fly brain, including some outside the MB (Mao and Davis, 2009) . We sought to further narrow down the type of DAN that mediates persistence in odor tracking. We screened a number of transgenic lines expressing either in single types or smaller subsets of DANs (Aso and Rubin, 2016; Liu et al., 2012) (Figures 7E-7H and S7C-S7E). Inhibition of most single PPL1 DANs did not result in a significant difference in tracking behavior compared to controls (Figures S5D and S5E) . However, inhibition of some TH+ neuron subsets using Gal4-transgenic lines generated by enhancerbashing of the original TH-Gal4 enhancer significantly decreased persistent odor tracking (Figures 7D-7F) . Furthermore, driving shi ts1 expression in PPL1-g1pedc (or MP1, MB320C-Gal4), previously shown to modulate MBON-g1pedc>a/b in a hunger state-dependent manner ( Figures 7G-7I ) (Pavlowsky et al., 2018; Perisse et al., 2016; Tsao et al., 2018) , also significantly dampened the flies' average tracking behavior compared to control ( Figures 7H and 7I) . Altogether, although we cannot exclude a contribution of DANs outside of the MB network, these results suggest that subsets of PPL1 and PPL2 neurons are involved in maintaining and increasing olfactory tracking but also that no single subset alone mediates the full effect.
Dop1R2 in Kenyon Cells Regulates Persistent Tracking
Having implicated dopamine in persistent odor tracking, we next sought to identify the mechanism. The best studied dopamine receptors in the fly are D1-like receptors Dop1R1 (or Dumb, dDA1, DopR1) and Dop1R2 (or Damb, DopR2). Prior work suggested that Dop1R1 mediates memory acquisition, and Dop1R2 facilitates forgetting; while Dop1R1 induces stronger cAMP-dependent signaling, Dop1R2 signaling initiates higher calcium levels in the post-synaptic neuron through a different G-protein than induced by Dop1R1 (Berry et al., 2012; Himmelreich et al., 2017) . Interestingly, Dop1R2 has also been implicated in the formation of long-lasting aversive memory induced through a protocol of repeated pairings of odor with electric shocks (Plaç ais et al., , 2017 . We analyzed mutant flies of both receptors on the fly ball to test their persistence in odor tracking. Dop1R1 mutants performed nonsignificantly differently from heterozygous controls and reached the same average speed during stimulus periods (Figures S5F and S5G) . By contrast, Dop1R2 mutant animals displayed a strongly reduced speed and tracked the odorant less persistently ( Figures 7J and 7K ). Their average speed during stimulus periods was significantly reduced, although their speed during the first stimulus period (dark blue curve, Figure 7J ) was not different from heterozygous controls ( Figures 7J and 7K) . Instead, the significant reduction in stimulus speed resulted from a gradual decrease of running speed and length in response to the stimulus ( Figure 7K ). As both types of MBONs involved in persistent odor tracking receive input by ab-type KCs, we next asked whether Dop1R2 signaling was required in these neurons by knocking down Dop1R2 expression by RNAi specifically in these neurons (MB008B>Dop1R2i). This was indeed the case. Flies without Dop1R2 in ab-type KCs showed a strong decrease in persistent odor tracking over trials compared to controls ( Figures 7L and 7M ). These data implicate Dop1R2 as an important mediator of tracking persistence in the absence of reward, a function perhaps in line with a role of this receptor in maintaining memory of past, possibly negative, experience (see for instance [Dolan et al., 2018; Plaç ais et al., 2013; Sé journé et al., 2011] ).
DISCUSSION
What drives gradually increasing persistence in behavior? For the fly, we propose a model by which a circuit module of KCs, MBONs, and DANs drive gradually increasing odor tracking, which can be efficiently suppressed by extrinsic MBON-innervating feeding-related OANs ( Figure 7N ). Behavioral persistence has been previously analyzed in flies in a different context. For instance, courtship of fly males and copulation with a female are maintained by dopaminergic neurons in the ventral nerve cord, where they counteract GABAergic neurons (Crickmore and Vosshall, 2013) . In that scenario, DANs in the ventral nerve cord maintain an ongoing behavior and prevent that the male disengages prematurely before successful insemination. Our experimental data also implicate DANs, primarily from within the PPL1 (e.g., PPL1-g1pedc) and PPL2ab clusters, and Dop1R2 signaling. In particular, inactivation of synaptic output of DANs positive for TH-Gal4 as well as loss of Dop1R2 in ab-type KCs reduced the increase in odor tracking from trial to trial, while not affecting the speed at first odor stimulation. These data suggest that TH+ DANs promote goal-directed movement, i.e., odor tracking, through a Dop1R2-dependent mechanism in KCs.
We find that MBON-g1pedc>ab, which receives dopaminergic input by PPL1-g1pedc (Aso et al., 2014a (Aso et al., , 2014b Yamagata et al., 2015) , is required for odor tracking (see also Tsao et al., 2018) . Moreover, we also observed a trial-to-trial decrease in odor response of this MBON, matching the dopamine-induced synaptic depression previously observed in MBONs upon learning (Cohn et al., 2015; Hige et al., 2015; Owald et al., 2015) . Notably, PPL1-g1pedc activates Dop1R2 in MBONg1pedc>ab, a signal recently found to be critical for appetitive long-term memory (Pavlowsky et al., 2018) . Nevertheless, it appears that, in addition to PPL1-g1pedc, other DANs regulate behavioral persistence by modulating in particular ab-KCs. It is intriguing to speculate about a common function of Dop1R2 in the formation of long-lasting aversive memory induced by repeatedly pairing odor with an aversive experience (Plaç ais et al., , 2017 and the behavior studied here-increased and persistent expression of a behavior induced by the experience of repeated failure to reach a goal.
Our experimental data further implicated MBON-a2sc, which is connected to MBON-g1pedc>ab (Takemura et al., 2017) . Our calcium imaging data are consistent with an inhibitory interaction between the two MBONs. However, some of our behavioral data and prior imaging data (Perisse et al., 2016) do not support an inhibitory connection. Furthermore, MBONg1pedc>ab projects to other brain regions and downstream targets, and similarly MBON-a2sc receives additional inputs-all of which could be equally or more important for persistent behavior than a direct connection between these two MBONs. Finally, some DANs respond to movement (Aimon et al., 2019) , including PPL1-g2a'1/MV1 (Berry et al., 2015) . Although we did not find an essential role of this particular neuron in odor tracking persistence, movement might contribute to the activity of MBONs responding the odorant.
Remarkably, MBON-a2sc connects the MB to neurons within the LH (Dolan et al., 2018) . Thus, we speculate that the LH might assign an odor to its corresponding behavioral category, such as ''food-related'' for vinegar (Dolan et al., 2018) , while the MB acts as a top-down control to gauge the expression of an innate behavior (i.e., tracking an appetitive odor) according to state and experience.
Our behavioral data led us to propose a circuit model (Figure 7N) . Using computational modeling, we have tested whether the MB network including DANs and MBONs could, in theory, produce the observed behavior (Figures S5H-S5O ; STAR Methods). Indeed, we find that a simplified recurrent circuit of KCs, DANs, and MBONs (Eichler et al., 2017; Takemura et al., 2017) can account for the observed behavioral persistence and also the measured MBON-g1pedc>ab odor responses. While this model cannot replace experimental evidence, it forms a useful theoretical framework for future studies on the role of the MB in behavioral persistence.
Based on our present data and computational predictions, we propose a model by which the recurrent circuit architecture of the MB, in addition to storing information for future behavior, is ideally suited to maintain and gradually change ongoing behavior, for instance by modulating output of the LH, according to the animal's internal state and needs.
The use of an olfactory treadmill has allowed us to dissect the different aspects of a food search. In particular, how does food and feeding suppress food search if the sensory cue, the odor, is still present? OA-VPM4 connects feeding centers (i.e., SEZ) directly with odor tracking-promoting MBON-g1pedc>ab and inhibits its activity suggesting an inhibitory connection between VPM4 and the MBON. Nevertheless, we cannot exclude that OA-VPM4 signals through multiple mechanisms including OA and possibly other neurotransmitters. In addition, a recent study showed that activation of VPM4 promotes proboscis extension to sugar (Youn et al., 2018) . Although a direct role in taste detection through pharynx or labellum appears unlikely (data not shown and Youn et al., 2018) , it is possible that feeding behavior itself (e.g., lymphatic sugar, food texture, activity of feeding muscles) are detected and/or promoted by these neurons and then brought to the MB. We propose that VPM4 is a direct mediator between olfactory-guided food search and the rewarding experience of feeding and related behavior.
Conclusions
Our data provide a neural circuit mechanism empowering flies to express and prioritize behavior in a need-and state-dependent manner.
It is exciting to speculate that fundamentally similar circuit motifs might exist in NE and DA neuron-containing circuits in the mammalian brain, governing the organization of behavior in a flexible and context-dependent manner by integrating internal and external context. For instance, noradrenergic neurons of the brainstem nucleus of the solitary tract (NST) receive taste information, and input from the gastrointestinal tracts, lungs, and heart (Carleton et al., 2010) . Neurons in the NST project to multiple brain regions including the amygdala, hypothalamus, and insular cortex (Carleton et al., 2010) , all of which receive internal state as well as other sensory information.
Our data in the fly provide an experimental and theoretical framework for a better understanding of the fundamental circuit mechanisms underpinning neuromodulation of context-dependent behavioral persistence and withdrawal.
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